Abstract Numerous epidemiological studies have established acute brain injury as one of the major risk factors for the Alzheimer's disease (AD). However, the lack of animal models of AD-like degeneration triggered by a defined injury hampered the development of adequate therapies. Here we report that the surgical damage of the olfactory bulbs triggers the development of several pathologies, including amyloid-β accumulation and strong decrease of neuron density in the cortex and hippocampus as well as significant disturbance of spatial memory. Characteristically, these harmful consequences of the olfactory bulbectomy (OBX) have a peculiar dynamics in time with maximal manifestation in periods of 1-1.5 months and 8 months after the surgery and, hence, exhibit biphasic pattern with almost complete recovery period taking place at 5-6 months after the operation. The quantitative determination of endogenous inducible form of Hsp70 in different brain areas of OBX mice demonstrated characteristic fluctuations of Hsp70 levels depending on the time after the operation and age of mice. Interestingly, maximal induction of Hsp70 synthesis in the hippocampus exhibits clear-cut coincidence with the recovery period in OBX animals. The observed correlation enables to suggest curing effect of Hsp70 synthesis at an earlier period of pathology development and establishes it as a possible therapeutic agent for secondary grave consequences of brain injury, such as AD-like degeneration, for which neuroprotective therapy is urgently needed.
Introduction
Acute neurological event, such as traumatic brain injury (TBI) and stroke, often promote further brain deterioration by initiating a cytotoxic cascade (Hemphill et al. 2011 ). This secondary brain injury (SBI) includes multiple long-lasting neurological impairments following TBI (Wang and Ma 2010) and has many common features with Alzheimer's disease (AD). These features include severe cognitive impairment, decrease of synaptic density, enhanced concentration of soluble Aβ oligomers, and apoptosis of neurons in specific brain areas (Johnson et al. 2010; Reisberg and Saeed 2004) . SBI, which increases the risk of AD four times, may be one of the causes of sporadic AD in aging humans (Ikonomovic et al. 2004) . Therefore, prevention of SBI has a fundamental importance for prophylactics of AD development.
Endogenous heat shock proteins (Hsps) exert neuroprotective activity in rodent models of Huntington's disease, Amyotrophic Lateral Sclerosis, and other cases of neuropathologies (Cummings et al. 2001; Franklin et al. 2005; Wacker et al. 2009; Gifondorwa et al. 2007) . In a cellular model of AD, Hsp70 overexpression effectively protected neurons from accumulation of Аβ (Magrané et al. 2004; Hoshino et al. 2011) . Therefore, in recent decade, Hsps and in particular, Hsp70 have emerged as critical regulators of proteins associated with neurodegenerative disease pathologies including the accumulation of Aβ peptides in the brains of AD individuals (reviewed by Margulis et al. 2006; Magrane and Querfurth 2010; Calderwood 2010) .
To further investigate the potential curing effect of Hsps in development of SBI, we used mice with TBI, induced by surgical removal of the olfactory bulbs. These animals, routinely used as a model of endogenous depression (Doty 2009; Wesson et al. 2010) , share many abnormalities with SBI and AD, including severe memory loss (Song and Leonard 2005; Bobkova et al. 2005 Bobkova et al. , 2008 Nakajima et al. 2007; Doty 2009 ); increased level of brain amyloid precursor protein and amyloid-β (Struble et al. 1998; Kaminina et al. 2010) ; massive death of neurons in the hippocampus and temporal cortex (Chételat et al. 2005; Nesterova et al. 2008; Holland et al. 2009 ); and deficit of serotonin, acetylcholine, and glutamatergic brain systems (Nesterova et al. 1997; Hozumi et al. 2003; Moriguchi et al. 2006) . Furthermore, in OBX guinea pigs having primary amino acid structure of amyloid-β identical to the human protein, we have observed not only increased intracellular accumulation of amyloid-β in neurons of the cortex but also the formation of extracellular amyloid plaques similar to those of AD patients (Bobkova et al. 2005) .
Here, we present the results of a complex analysis of various pathological consequences of olfactory bulbectomy (OBX) in mice and the results of endogenous Hsp70 level measurements in the brains of OBX-and sham-operated (SO) mice that served as controls in different postoperation time periods. We demonstrate clear-cut coincidence in time between high level of inducible Hsp70 synthesis and recovery in terms of spatial memory in OBX mice at certain stages of pathology development. The induction of Hsp70 synthesis in the brain of OBX mice observed after the operation possibly provisionally protects neurons of the hippocampus and cortex from degeneration and delays the increase of amyloid-β concentration and massive neuron death which eventually takes place in experimental animals.
Materials and methods

Animals
Adult NMRI mice (males) aged 10 weeks were maintained in their home cages in a climate-controlled room at 21-23°C with a 12:12 h light-dark cycle and had free access to water and food. All animal experiments were performed in accordance with the guidance of the National Institutes of Health for care and use of laboratory animals, NIH Publications No. 8023, revised 1978.
Generation of OBX mice
A single burr hole (2 mm diameter) was drilled over the olfactory bulbs (2 mm anterior to the bregma, 0 mm laterally from the midline) in the scalp of mice, narcotized with Nembutal (40 mg/kg) and 0.5 % Novocaine (subcutaneous injection) for local anesthesia of the skin above skull. Both olfactory bulbs were aspirated through a blunt needle attached to a water pump. The extent of the lesion was assessed both visually and histologically after the behavioral study. SO mice routinely used as controls were treated similarly, except that the olfactory bulbs were not removed.
Detection of endogenous Hsp70 and Aβ in the mouse brain ELISA was used to measure the levels of endogenous inducible Hsp70 and Aβ (1-40) in the brain extracts, followed brain perfusion with saline (Evans et al. 2006; Toyn et al. 2010) . Briefly, ELISA measurement of Hsp70 concentration has been performed in the supernatant fraction of tissue extracts of the olfactory bulbs, hippocampus, temporal and entorhinal cortices in a solution containing 20 mM NaCl; 20 mM Tris-HCl, pH7.5; 0.1 mM EDTA; 1 % protease inhibitor cocktail. The analysis developed by the authors (B.A.M., I.G.) is based on the high affinity of Hsp70 to immobilized ATP. We perform the analysis by applying brain extracts in wells of a 96-well ELISA microplate (Greiner, Microlon, Germany) covered with ATPovalbumin reagent for subsequent measurement of inducible member of Hsp70 as described elsewhere (Kustanova et al. 2006) . Aβ levels were determined by solid phase sandwich ELISA (Invitrogen, Camarillo, CA) in mixed brain extract (neocortex+hippocampus) in ice cold 2 % CHAPS, 20 mM tris pH 7.7, in presence of protease inhibitors (10 μg/ml leupeptin, 10 μg/ml aprotinin, and 10 μg/ml AEBSF). A monoclonal antibody specific for N terminus of mouse Aβ was precoated onto wells of the provided microtiter strips. Samples and standard diluted in the standard buffer were incubated for 2 h at room temperature allowing the Aβ to bind the capture antibody, followed by extensive washing.
Samples were incubated with detection rabbit antibody specific for the C terminus of the Aβ (1-40) for 1 h at room temperature. After being followed by washing, samples were incubated with HRP anti-rabbit antibody for 30 min at room temperature. After removal of excess anti-rabbit antibodies, a substrate solution is added, which is acted upon by the bound enzyme to produce color.
Aβ levels were independently determined by immunological DOT analysis, and as described before Kaminina et al. 2010) , 150-200 mg of the brain tissue (the cortex and hippocampus) from the OBX and SO animals were homogenized in 0.5 ml of 70 % formic acid, maintained for 1 h, centrifuged at 100,000g for 40 min and then the supernatant fluid was evaporated on a rotor evaporator to the minimum volume, supplemented with 1 ml of twice distilled water, and the solution was neutralized to pH 7.4 with NaOH and lyophilized. We used monoclonal antibodies 4 G8 (Vector Laboratories, Burlingame, CA, USA), reacting with (17-24) amino acid sequence of Aβ in human and mouse. We also used biotinylated horse antibodies to mouse IgG (Vector Laboratories, Burlingame, CA, USA) and monoclonal antibodies to biotin (the clone BN34) conjugated with peroxidase (Sigma USA). The levels of Aβ species are presented as nanogram or picomole of Aβ per gram of wet brain, taking into account dilution factors introduced by multiple steps throughout the assay (brain homogenization and extraction procedures).
Morris water maze tests
A circular swimming tank 80 cm in diameter with a wall height of 40 cm and a hidden platform of 5 cm in diameter (State Institute of Biological Instrumentation, RAS, Russia) was filled to a depth of 30 cm with water at 23°C and rendered opaque by the addition of powdered milk. The tank was operationally (mentally) divided into four sectors: platform target sector (third) and three other indifferent sectors Klapdor & Van der Staay (1996) . The hidden platform was located in the middle of the third target sector during training trials. It was submerged at a depth of 0.5 cm so as to be invisible to a swimming animal. A video monitoring system (TSI, Germany) was used to record the major behavioral parameters in the water maze paradigm. Experiments were performed in a test room with extramaze cues to facilitate spatial learning.
Initially, all groups of OBX and SO animals were assessed in the water maze without save platform to identify any inherent sector preference. None of them showed any preference. To verify that bulbectomy per se did not induce motor or visual impairments that can affect the results of memory tests, the latencies required for all SO and OBX animals to reach the visible platform were determined (in three trials) at each investigated period after the operation. Then mice were exposed to a total of 20 training trials for 5 days. The latency period to locate the hidden platform was evaluated. Spatial memory was tested on the following day after completion of training in a single probe trial (60 s) in the absence of the hidden platform, beginning from a random position. During the probe trial, occupancy time spent in each sector was recorded. To study the dynamic of spatial memory changes, Morris water maze training trials and probe tests were carried out at 0.5, 1, 1.5, 3, 6, 8, 12 , and 16 months after bulbectomy in eight groups of OBX and eight groups of SO animals, n07-13 animals per group.
Histology and morphology
General histological methods were done as described . In brief, after probe test, mice were anaesthetized by an overdose of Nembutal (60 μg/kg, i/p) and their brains were perfused with 0.1 M PBS (pH 7.4). One hemisphere was frozen on dry ice and the other was fixed in 4 % phosphate-buffered paraformaldehyde at 4°C for 48 h before storage in 30 % sucrose. After that, 20 μm sections of the hemibrains were cut in the coronal plane on a cryostat. To study the quantity and morphological state of neurons in the temporal cortex and areas of hippocampus, sections were stained for the Nissl substance and comparative studies of the cellular composition (1,000 cells for the each structure in the each mouse) were performed. We distinguished the following categories of neuronal abnormalities: cytolysis, karyolysis, pyknosis, and vacuolization, and estimated their frequencies in relation to the quantity of the normal neurons. Data are given as mean ± SEM. Comparison between the groups were performed separately for the temporal cortex and both areas of the hippocampus (CA1 and CA3) with two-tail Student'st test. The morphometric analysis of cell density was determined in 1 mm 2 in different brain structures of OBX and SO mice using standard object micrometer. Density measurements were performed in ten microscopic views and results are presented as mean ± SEM. The data were statistically treated using Statistica 6 program. Comparisons were performed using a two-tailed Student's t test. The differences (M ± SD) were considered to be significant at р<0.05.
Statistical analysis
All results are reported as means ± SEM. Significant differences between mean scores during training trials in the Morris water maze were assessed with two-way repeated measures ANOVA (Statistica 06) with Tukey's post-hoc analysis for multiple comparisons using group and trial day block number during training as sources of variation. Statistical analysis of the results of probe tests was carried out with ANOVA using group and sector of maze as sources of variation. The preference for platform target quadrant in comparison with each indifferent quadrant was assessed by post-hoc analysis using a multiple-range LSD test. The differences between experimental groups detected by DOT and ELISA analyses were treated using a two-tailed Student'st test.
Results
Neuron death is increased and morphology of neurons is severely disturbed in OBX mice
The investigation of the neuronal morphology has been performed in the different brain areas in the OBX and SO groups of mice. We have focused our analysis on the cell composition of the hippocampal regions (CA1 and CA3 areas) and the temporal cortex (Fig. 1a) . These brain areas play the key role in learning and memory and severely suffer in patients with AD. Results of quantitative analysis of morphological data are presented in Table 1 .
The SO group did not demonstrate any significant changes in form, size, and structural organization of the neurons. On the other hand, in OBX animals, heavy pathological changes were revealed in the majority of the neurons such as pyknosis, karyolysis, cytolysis, and vacuolization (Fig. 1a) . The percentage of normal cells was significantly decreased in the OBX group (Table 1) . Specifically, the reduction of cell size, hyperchromatosis of the cytoplasm, pyknotic degradation, and cytolysis represented prominent features often observed in the CA3 and CA1 areas (Fig. 1a) .
Importantly, the total neuron density in CA1 and CA3 areas of the hippocampus decreased significantly (p<0.001) in the OBX mice in comparison with SO group (Fig. 1b) . By contrast, the percentage of pyknomorphic cells in various brain structures of OBX mice dramatically increases in comparison with SO animals (Fig. 2) .
Intensive accumulation of amyloid-β is observed in the brains of OBX mice
Since an abnormally high accumulation of amyloid-β peptides in afflicted regions of the brain is a biochemical hallmark of AD and has been also demonstrated in OBX mice (Reisberg and Saeed 2004; Kaminina et al. 2010) , we decided to monitor the age-dependent fluctuations of Aβ peptide levels in SO and OBX mice. To estimate the kinetics of amyloid-β accumulation at different time intervals after the operation, we measured the level of amyloid-β in the pooled extracts of the cortex and hippocampus by DOT analysis using the 4 G8 monoclonal antibodies against mouse and human Aβ peptides and ELISA method as described in "Materials and methods". The results of representative DOT analysis are depicted in Fig. 3 . Statistical analysis of the data accumulated by the two independent complementary methods clearly demonstrated dramatic increase in Aβ levels after bulbectomy ( Fig. 4a and b) . Importantly, both independent methods of amyloid-β measurement in SO and OBX mice produce very similar results ( Fig. 4a and b) .
Furthermore, DOT analysis enabled us to conclude that while the total amount of Aβ in SO and OBX groups significantly increases with age, in the OBX group, the level of Aβ was significantly higher than that in control SO (p< 0.001) at all points of measurement (Fig. 5 ).
The analysis summarized described above demonstrated that brains of OBX mice exhibit various patholo g i e s i n co m m o n w i t h A D a n d a f e w o t h e r neurodegenerative diseases. At the next stage, we decided to monitor behavior of OBX animals at different periods after the olfactory bulb ablation. Data are given as mean ± SEM. Comparison between the groups were performed separately for the temporal cortex and both areas of the hippocampus with two-tail Student's t test to compare replicate means with special emphasis on bulbectomy-induced changes ** p<0.01; *** p<0.001 Fig. 2 The levels of pyknomorphic cells in various brain structures in different brain structures of SO and OBE mice 1.5 month after the surgery. Cortex temporal cortex, Hipp hippocampus, NRD nucleus raphe dorsalis, NLC nucleus locus coeruleus The behavioral studies were carried out at 0.5, 1, 1.5, 3, 6, 8, 12 , and 16 months after bulbectomy (eight groups of OBX and eight groups of SO animals, n 07-12 animals per group). Control sets of experiments conducted prior to the main training trials demonstrated that mean latencies for SO and OBX mice to reach the visible platform were approximately equal (data not shown). It indicates that bulbectomy per se did not induce motor or visual impairments that could affect the results of the learning or memory test in Morris water maze. The comparison of latent periods to reach invisible platform in OBX and SO groups did show high significant effect of training days in all experimental periods tested. It means that all groups improved their performance (i.e., decreased time spent to reach invisible platform) with increased training. One-way ANOVA and post-hoc analysis using LSD criteria revealed no statistical difference in the learning abilities between SO and OBX groups over the 5-day training in all periods after removal of olfactory bulbs. At 24 h after the last training trial, mice were examined in a probe trial, when saving platform was removed from the water maze. Differences in probe trial parameters were evaluated with one-way ANOVA. A group analysis of variance was performed to evaluate the differences in occupancy time in each sector for each group and each period after the operation. Table 2 represents factor and post-hoc analysis of time spent by OBX and SO animals in sectors of Morris water maze in probe trials in different periods after bulbectomy. The data presented in Table 2 clearly show the recovery of spatial memory in OBX mice observed within 3 to 6 months after the surgery. Figure 6a depicts the average time spent by OBX mice in the target sector of Morris water maze where rescue platform was located during probe trials. Since the experiments took almost 1 year which comprises a significant period in the mice life span, we should have taken into account a possible influence of aging on memory. Therefore, the data estimated for OBX animals were represented as percent from analogous characteristics established for SO mice from the same age group. Results of a Morris water maze test demonstrate a distinctive biphasic dynamic of spatial memory in OBX animals. By the end of the first month after bulbectomy, the OBX mice exhibited significant memory loss (Fig. 6a) , which was almost completely restored by the sixth month postoperation. However, starting from the eighth month after the operation and extending to the end time point (16 months), OBX animals displayed a second, more profound deterioration of memory ( Fig. 6a and Table 2 ).
In parallel, we measured an endogenous inducible form of Hsp70 by ELISA using specific antibodies in the brains of the mice after completion of the behavior analysis in 0.5, 3, 6, and 12 months after the surgery (Fig. 6b) . Concomitant determination of endogenous Hsp70 level using specific antibodies has been performed in various brain regions. We failed to detect drastic changes in Hsp70 concentration in the temporal region and the entorhinal cortex in different postoperation periods mostly due to high variability in this character observed in OBX mice (data not shown). Basing on these observations, we presented the dynamics of Hsp70 changes in the hippocampus of OBX mice as a ratio of Hsp70 level of OBX animals to that of SO mice of the same age group in percent (Fig. 6b) . Fig. 4 Aβ accumulation in the brain of SO and OBX mice. Bars indicate the level of Aβ peptides (mean ± SEM) in the indicated groups of experimental mice (n06-11 per group). a Aβ was determined by DOT analysis or b ELISA (see "Materials and methods"). The bottom panel shows the level of Aβ peptides in OBX group as values (mean ± SEM) relative to the content in SO group. The absolute value of Aβ in SO animals was 0.45рМ/g in the brain tissue (cortex + hippocampus). Differences between the levels of Aβ in the groups were determined by using the two-tailed Student's t test
Collectively, our studies demonstrate that there is a characteristic dynamics of Hsp70 level fluctuations in the hippocampus of OBX animals with a maximal peak in concentration observed approximately 6 months after bulbectomy (Fig. 6b) . The comparison of data summarized in Fig. 6a and b demonstrates clear-cut time coincidence between almost complete recovery of spatial memory in OBX mice with the maximal peak in the inducible Hsp70 level in the hippocampus, a brain region playing the pivotal role in memory and learning.
Discussion
Epidemiological studies support the hypothesis that TBI is one of the major risk factors for AD (Van den Heuvel et al. 2007) . However, it is unknown how exactly TBI or other brain injuries may trigger the neurodegenerative cascade leading to AD. Since usually a significant time gap is observed between the TBI and the development of secondary consequences similar to AD symptoms, it is possible that activation of certain innate compensatory mechanisms Differences between the levels of Aβ were determined by using the two-tailed Student's t test in the SO and OBX groups at different age and time intervals after the surgery may ameliorate for some time the harmful consequences of brain damage, thereby precluding neuronal death. On the other hand, abundant data exist on the protective role of endogenous Hsps in various neurodegenerative diseases and aging Merlin and Sherman 2005; Sheng and Brown 2007; Gifondorwa et al. 2007; Magrané et al. 2004; Magrane and Querfurth 2010) . A large body of data, including our own results, indicates that injury of the olfactory bulbs in rodents sets off many symptoms similar to major manifestations of AD (Bobkova et al. 2005; Doty 2009; Skelin et al. 2008 ). Importantly, it was shown using several transgenic animal models of AD that accumulation of amyloid-β starts in the glomerular layer of the olfactory bulbs (Wesson et al. 2010) . The high level of survival in animals after bulbectomy as well as massive neuronal loss due to axon degeneration coupled with a sharp increase of amyloid precursor protein and Aβ (Struble et al. 1998; Bobkova et al. 2008; Kaminina et al. 2010 ) make OBX mice a model of choice to study TBItriggered neurodegeneration.
Our experiments described herein revealed biphasic dynamics of spatial memory deterioration in OBX animals with almost complete recovery observed within 4-6 months interval after the operation (Fig. 6 and Table 2 ). Interestingly, in OBE group, the minimal level of Aβ was observed in 5-7 months after the operation (Fig. 5) . We speculated that activation of certain protective innate mechanisms may be responsible for the provisional amelioration of the harmful consequences of brain damage.
Here we describe a clear-cut coincidence in time between the state of spatial memory, amyloid-β levels, and endogenous Hsp70 content in the hippocampus of OBX animals (Figs. 5 and 6 ). These data enabled us to suggest that Hsp70 induction after olfactory bulb ablation is somehow involved in activation of compensatory mechanisms averting the development of neurodegeneration after brain injury in OBX mice. It was shown along these lines that in the nervous system, as in other tissues, the induction of Hsps not only serves as marker for stress but has a significant protective effect as well (Tidwell et al. 2004; Sheng and Brown 2007) .
The protective effect of endogenous Hsp70 can be due not only to the direct chaperone activity against high level of misfolded Aβ in the brains of OBX mice. It is also possible that Hsp70 induction may stimulate other systems that are responsible for cell survival after brain injury (Seidberg et al. 2003; Robinson et al. 2005) . Cumulative indirect effects of Hsp70, such as suppression of apoptosis (Tidwell et al. 2004) , lysosome stabilization (Kirkegaard et al. 2010) , stimulation of the innate immune response (Johnson and Fleshner 2006; Gong et al. 2009 ), suppression of the early preoligomeric stages of Aβ self-assembly (Evans et al. 2006; Calderwood 2010) , inhibition of proinflammatory signaling (Rozhkova et al. 2010) , and increase of survival of endogenous neural progenitor cells (Doeppner et al. 2009 ) may account for the observed correlation. Possibly, Hsp70 induction somehow activates other compensatory mechanisms that facilitate regeneration and help to restore for some time normal functioning of neurons after the injury. Further studies need to be undertaken in order to understand the mechanisms by which Hsp70 most likely regulates various neurodegenerative disease pathologies.
If the protective paradigm of endogenous Hsp70 induction is widespread, various drugs enhancing its synthesis or direct administration of this chaperone into the brain may represent a conceptually novel model for the practical treatment of some of the most common neurodegenerative conditions, including AD, Parkinson's, ALS, and other neurodegenerative diseases, for which no effective treatment currently exists. Taken together, our findings suggest possible neuroprotective functions of endogenous Hsp70 and establish this chaperone as a promising pharmacological agent to prevent consequences of brain injury often accompanied by profound neuronal death and cognitive disturbances.
